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Printed Electrodes 



THIS INVENTION relates to sensor electrodes, and their combination with reference electrodes; to the 
mmST^ri.^ to apparatus utiBsing such electrodes; and to electrical crcurtry mto wrnch 

823P5597 describes the construction o, sensors coo^Jj. 

vjui tuiwpccni _ r ~.. . . _ , „ t ~ ^♦oK^iV^Hw saHud on7vmfl and a mediator 

conductive electrode coated witn a mixiuiw, w iayoio t » — j . 

Tmpotd id usuany further coated with a retaining permeable membrane. Wher .such ^acoated UMro* 
is contacted with a substrate containing a species for which the enzyme exerts a catatytc effect, the 
medS compound transfers charge to the electrode and this can be used to give a readout 
rS^electrode. correlated with the concentration of the said species, even in the presence of other 
o species since enzymes are typically highly selective in their catalytic acton. 

Enzymes which have been investigated and utilised in such systems are listed elsewhere m this 

^STumerous types of enzyme«oated electrodes have been utilised each specific to the presence of 
a pSS " oZ substrate for which the particular enzyme acts as a catalyst and each therefore 
a pnysioiogn^i «r monitor the level of the substrate in vivo or in vitro and 

's Dotentiaiiv capaoie oi acung «J aoicvi. « «»<•»•» -• — >■ u '" v v ___ ___ . 

a readoTt correlated for instance with an underlying physiological condition controlling or affecting the 
Substrate level. In particular, use of glucose oxidase or bacterial glucose dehydrogenase * ^J*™* 
associated with suitable electron-transferring mediator compounds, has been shown to give »>*^* 
correlating linearly with in vitro blood glucose levels over a wide range thus giving a id 

20 measuring tool for diabetic coitions. Also, such electrodes can measure glucose levels m plasma, serum, 

^!t££%£Z described in our copending Application include polyviologens. fluoran^d 
chloranil. However, the preferred mediator compounds are metallocene compounds, and in particular the 
ferrocenes (biscyctopentadienyl iron and its derivatives). 
?s The Darticular advantages of ferrocenes are as follows:- . 

W .atfd7*S" redox potentials accessible through substitution of the cylopentadienyl nngs (b) 
LUonaHsation'of the rings. e.g. to confer solubility or chemica. 

system components (c) electrochemically reversible one-electron redox properties (d) pH independent 
redox potential and (e) slow autooxidation of the reduced form. ,« rt „, a « ftn „, 

30 The ferrocene structure may be modified by substitution on the nngs andfer by association or 
polymerisation, which modifications affect the physical, chemical and electrical behaviour so ttiat op- 
timisation of a particular sensor electrode material is possible. In general use, the compound 1.1 dimethy- 

Iferrocene is a valuable mediator. * . w^;™ 

Our copending Application of even date herewith entitled "Assay techniques utilising speatic bmdmg 

35 agents" is deemed with the effect on the enzyme and/or mediator e '«f h che ™^^^ 

binding agents e.g. antigens/antibodies and others. It can be embodied by speciai^ed electrodes. Such 
ZJh wtthin the scope of the present invention and are discussed below. The desenption of the 

above Application is included herein by way of reference. in 

The prior art Application referred to above discloses equipment utilising such sensor electrodes^ 

« general it is suitable** research or institutional (e.g. hospital) use. The present invention is concerned wrth 
priding Lsor electrodes and equipment for use by lay persons or without extensrve technical back-up 

SerV 5e S; may be made of such electrodes in chemical industry especially where complex mixtures are 
encountered, e.g. in food chemistry or biochemical engineering. They are however of particular value in 
45 biological investigation or control techniques, in human or anima Imedrane. 

We have now established certain design criteria in the production of such electrodes for lay. or clmic, 

USfl The electrodes can be used in an invasive probe( i*. one which enters body tissue tc , corrtact al body 
fluid such as whole blood or subcutaneous tissue fluid) or as part of an external test upon a indrawn 
so ampteoU a syringe) or upon an expressed sample (e.g. using a needle-prick dev.ee). In e^h instance 
mTetecSmuTbe i small as practical to avoid trauma either on invasion of the tissue or withdrawing 
^r P LTfnvasive. it must be throwaway. to avoid aoss-contamination and to prevent encapsulation 

bv fibroblast cells which occurs with long-term implants. 

ft must be elongate, either to fit within a pointed needle, or for ready handling as an electrode for ready 
assembly to equipment on the one hand and contact with the sample on the other. It must be sensitively 
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manipulate It must carry, prior to assembly or in the assembled structure, the reference electrode as well 
as trie sensitive electrode, in spaced non-contiguous relationship. 

The present invention, in a major aspect, consists sensor means for selective detection, measurement 
or momtonng of a given dissolved substrate in a mixture of dissolved substrates cbmprising- 
s (a) an area of first electrode material comprising an enzyme catalytic of the said substrate and a 

i^SSSSX^ char9e 10 ** etectrode when ****** is catalytica,,y «** to 

(b) an area of reference electrode material; both electrodes being of small dimension, and extendina 
as or supported on an elongate member to facilitate manipulation before or during contact with live tissue or 
io a small withdrawn sample of body fluid. 

The area of first electrode material may comprise (a) a ligand such as an antibody (b) an antDioand 
such as a hapten, with specific binding properties thereto (c) the mediator, conjugated to either (a) orfci 
and elecbochemically active onfy when (a) and (b) are not specifically bound. Such an electrode is useful in 

n SKairir unbinds (a) and (b)> 31 ieast in part - » ereby to — * 
^i^zi^^^z^^ eM sto ^ — — - 



20 A External Sensors 

,„ J SSentially „ , u? Se J are US6d by dippi " 9 int0 0r simi,arly con,actin 9 a «q uid substrate e g. a glucose- 
containing small blood sample or drop of blood with both electrodes 

k rtpJl-^l 38 ^ 019 in « Venti ° n provides 3 sensor for ^"tect with a liquid mixture of components for 

SS22?, P T ,C ! ^ ^ 9 ^ am ° Unt °' and/ ° r m ° ni,0ring the ,evel of one « mo '° Elected 
components capable of undergoing an enzyme catalysed reaction, the sensor comprising-- 

(a)an elongate support member. 

^w^" 3 • UrfaC8 t0WardS 009 end 30 9xpanse 01 a first e,ectrode «* electrically conductive 

.material compnsmg at least at an outer surface thereof the combination of an enzyme and a mediator 
30 compound which transfers electrons to the first electrode when the enzyme is catalyticalfy active 

nrnviJ? * 3 " ** elonaat * su PP°rt member and also towards the said end thereof to'be in close 

proximity therewith an expanse of a second, reference, electrode, and 

(d) separate electrical connection to each electrode for attachment to a read-out means denoting 

« TtT ' am ° m } ° f m0nit ° red l6Ve ' ° f ^ Said 0ne or more selected components in a liquid medium into 
35 which the support member is dipped to contact both electrodes. 

The elongate support could be a rod or tube, but conveniently it comprises a flat strip 

fn.,n??hi rSt T*?? iS Pre,erably f ° rmed ° f Carb0n e * 3 filter DaDer containing carbon We have also 
. found that carbon foil e.g. as avalable under the Trade Marks "GRAPHOIL" or "PAPYEX" is a valuable 

4a ^IT?' ]*l e "T e I" 8 ' 90 " 03,1 in ,hSOry 09 any en2 y me ' 9 -9- «™* "sted in our European 

r 6 bUt USe °' 9,UC0Se 0xidase or dehydrogenase. e.g. the bacterial gluSX 

dehydrogenase from Acmetobacter calcoaceticus is particularly valuable. Any suitable mediator compound 

prefaced <m0C&]a ° r ferrocene derivatives (especially 1.l'-dimethylferrocene) are greatly to be 

« ... By J? y °' J*™?' 9 only ' carbon ,oil ran be 9 |ued to the strip; 1.l'-dimethylferrocene mediator can be 
« deposited on the surface of the foil by evaporation of a toluene solution; and enzyme can be bonded to the 

Tb^^ Carb0dBmid9 -tho-p-toluene sulphonate (referred 

The second electrode can be any convenient reference electrode. We have found it useful to provide 
adjacent but not contiguous to the first electrode, a flat layer of silver and to convert the surface thereof to 
so silver chlonde so as to give an Ag/AgCI reference electrode. 

Typically, the electrical connections can be wires which extend down, and are preferably adhered to 
the stnp. and make electrical contact each with its respective electrode. ' 
The readout means is preferably a digital indicator suitably connected to a dedicated potentiostat which 

« SJ™T^l e ' 9 . Ctr0de P ° ten,ial * + 15 ° mV Afl/A9CI f0r 3 9lucose s * stem - ^ cu ^nt flowing is 
ss then proportional to glucose concentration. 

In a particular valuable version of this type of sensor, it comprises (a) a flat first electrode area of known 
area small enough to be completely coverable by the smear of blood produced from a non-expressed drop 
of blood generated from a needle-prick at a bodily extremity, (b) a reference electrode area on the same 
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ISKSeS .be r etaW » .Mod. 1. ^J*^ZSSTl^ £^£- -w* '—'»'• 



70 



75 



below e.g. from 2 to 4 mm. 



B. INVASIVE SENSORS 



20 



25 



These are generally needle-like in nature or «*«^^ p|acement ^gh ««. into a 

,„ one form the invention provides a needle ^^^^^ pointed needle having 

measurement tac*. , such "'^Tat^ de P ressi0 " with 

formed therein near the pointed end ^™ 'J^?^ _ rote ^ ve shoulder at each end of that floor. 

tLXSTXS'Xl 'av- -prising an enzyme^ 

^'^eVie from ,e en^me J-^CS 
hence catalyticaHy active; the floor of the other such dep mmm mi coated^rth 

of the needle. , j+ ^yA^n^d that in one form the sensitive and 

As will be apparent from the genera, disclosure Mn. "^^".^L, with ferrocene or 
selective electrode may comprise a 9'^se hydrog^ ^ je (or <J^^" 1-w|WhBr The 

a like compound as ■^f^^.J probe size, protect the 

shoulders (one to each end of the depression;, 

electrode coatings as the needle, jasses JJ^J^*^^ seiective detection, determination 
In yet another form the invention in this aspect P^ v ^ d substrates of the type in which an 

or monitoring of a given disserved sub^e m a ^S^^J^T^o^ to transfer 
electrode is provided with an enzyme a*flc ^£Z££ mBB electrod9 : wherein the reference 
charge to the electrode to provide a "^J^iX and of or coated with, suitable reference 

coating including the said enzyme and mediator. 
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C Dual capacity sensors 

. ^ • i c «,rh that thev mav be dipped into an extraneous sample, or used 

The structure of certain sensors Is such tnat wey may uo uw<~ 

within a needle. detection, determination or monitoring of a given 

One example o such js as sensor for "J*^^ ^ whjcn „ electrod9 „ provid ed with 

dissolved - b *;^^ to ^ l ° *• T* 10 

an enzyme wherein the sensitive electrode and the reference 

22s: sssr^s £5 - tsanss» - ^ 

- 1 such a 

isz ^£=s»s ^ =- prefU - a9ain ew 

supports of very small thickness are used, for needl e-mounjng , in ^use. g 
Such electrodes may thus tie ^*^Z^2Z£^L* patients. Thus, a 
SIS? ':Xell7L^^ - — since «. imp,anted member - not 

uncomfortably large. 
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meshes known under the Trade Marks "GRAPHOIL" or "PAPYEX" have been used in practice with good 

The other electrode is preferably of silver foil with an electrodeposited AgCI layer 
Sfr.p electrodes as defined can lie one on each opposed face of the defined recess 
5 The pump will generally be operated continuously throughout a determinaHnn *in~ „i • ,u 
cel. is caused and the reading therefore decreases. If dS i^Ti So£^££ 
means dosing or metering the flow of liquid. operate an injector 

-rJrtTZ^T*™ eXampte *» 8uch 33 t0 hold 8,8 «*on electrode at + 150 mV vs Ao/AaCI 
• The current flow writ be proportional to glucose concentration over all expected ranges 9 

10 In the operation of a glucose sensor a number of relevant technical points and advantaoes shouiri h* 
considered. It will be appreciated that these points are of general relevance Z^ISSZ «n ? ? 
restricted in this application to the particular dSign lmJ^S!SZS^^^^^ 
apply generally to the embodiments fisted above, and esoeciallv to fhL« «mhnZ! , ' ' they 

n with equipment and methods for glucose sensing' T^ese Ss *ef emb0d,mentS insofar 35 deal 

I Constructional Features 
20 (a) Membrane cover for electrode 

fnr m I?h mem 1 bran ^ C3n te P° ,ymerised in (»-9- cellulose acetate). A particular valuable membrane is 
5^ P wET* e ^ Cia " y 01059 ^ ,ycarbonates «*» *• Trade liSSSSSS?; 
nS^22 ,h? 06 "l^ ^ eXamined may °° n * as ~rbate; polycarbonate mTmbraneJ do 
S^^S^ eliminate intone from J*Z£ 



30 



(b) Type of carbon 



35 



WHML^S 0 .'p^. ,,,aCte<, " ""^ " ,eshei «»» « taO" b, the Trade 



II Operational features 



45 (a) Operational potential 



so 



Preferably operation should take place at a potential equivalent to +50 to +200 M V vs SCE si 
interference caused by oxidation of other chemical species present is thereby reduced 



since 



(b) Concentration range 



Steose Mass can be used to monitor glucose conconlnillons of 0 to 40 mM and olucos. 



(c) Response times 



7 
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The glucose oxidase sensor without membrane is kinetically limited giving rapid response times i.e. 
about 20 seconds to 95% of the steady-state current response. 

s (d) Oxygen-sensitivity 

Glucose dehydrogenase/ferrocene electrodes are totally oxygetvinsensitive. 

70 (e) Use of third electrode 

" 7pract.ee. a realistic device can achieve good performance without a third e.ectrode. using Ag/AgC. as 



a 



reference counterelectrode. as described more fully below. 



75 



20 



25 



30 



(f) pH and temperature 

ovidase etectrodes show no change in current output between pH6 and pHj ), and arethus 
electrodes diffusion-limited minimises temperature effects. 

t 

(g) Storage of Electrodes 

" Electrodes may be stored moist Extended storage, over months or years, may be achieved by freeze- 

drying or airdrying. riisrussed in terms of the equipment used, it will be 

Although the invention as ^^SJ^^KS^lS totalij of the equipment may 
appreciated that other aspects of the .nventon i ^ r ^™ f d ^ js an aspect of ^ invention, 
include a replaceable of throwaway cell; thus^e ^^^.T^T^ ind Lual electrodes, of 

employing the following enzymes 



35 invention. 
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Enzyme 

riavo-Drotalrifl 

Pyruvate Oxidase 
L-Amino Acid Oxidase 
Aldehyde Oxidase 
Xanthine Oxidase 
Glucose Oxidase 
Glycoilate Oxidase 
Sarcosine Oxidase 
Lactate Oxidase 
Glutathione Reductase 
Lipoaaide Dehydrogenase 

POO Enzy TOflfl 

Glucose Dehydrogenase 
Methanol Dehydrogenase 

Methylamine Dehydrogenase 



Substrate 

w 

Pyruvate 

L-Amino Acids 

Aldehydes 

Xanthines 

Glucose 

Glycoilate 

Sarcosine 

Lactate 

NAD(P)H 
NADH 

Glucose 
Methanol and 
other Alkanols 
Methylamine 



EP 0 351 891 A2 



gaeia-Cont aining Enzymes 

Lactate Dehydrogenase Lactate 
(Yeast Cytochrome B2) 

Horse-radish Peroxidase Hydrogen Peroxide 

Yeast Cytochrome C 

Peroxidase Hydrogen Peroxide 

qetalloflavoptoteina 

Carbon monoxide Carbon Monoxide 

Oxidoreductaae • 



Cuproproteina 

Galactoae Oxidase Galactose 



The invention will be further described with reference to the accompanying drawings, in which:- 
Figure 1 is a front view of a strip-supported electrode configuration; 
Figure 2 is a back view of the combination shown in Figure 1 ; 
Figure 3 shows an invasive probe electrode; 
Fioure 4 shows an alternative strip-supported electrode; 
Figure 5 shows a strip-supported electrode which is a variant of Figure 4; 
Figure 6 shows a modified connection of the strip electrode of Figures 4 and 5. 
Figure 7 shows a further alternative supported electrode; 

^.gure 14 is a genera, diagram of "desk-top" analytical equipment for measuring a substrate such as 
glucose in a liquid sample, utilising the electrode assembly of Figure 11; 



10 



EP 0 351 891 A2 



piece of graphite tape or fo.l 4 ,s glued on one face, near the end to cover hole 2 and a 4 x 9 mm strip of 
s.lver fo.l 5 .s glued adjacent thereto over hole 3. Wires 6 and 7 (Fig. 2) on the back enter holes 2 *»d 3 
respectively for electrical connection with the respective electrode material 4 and 5. being glued irMne 

- S? J n TaT T 9 T ? A StabiliSi " 9 ,3yer ° f ep0Xy resin is P resen « at least part of Z 

- back e.g. at 9 to keep the wires in place. Carbon electrode 4 is covered with' 1,r-dime%lfenocene and 
glucose oxidase. Silver electrode 5 is covered with silver chloride. wnywrocene and 

The strip is made up in the following sequencer- 
fa) drill holes 2 and 3, 

^ ^ (b) glue on electrodes 4 and 5; "ARALDITE" epoxy resin is suitable but should not enter holes 2 and 

wires irfplS^ 6 **. ? ' °° nductive epoxy 8 ' ^ *t*r "ARALDITE" resin at 9 the fix the 
^ (d) hold the silver electrode at + 400 mV v^ SCE in 5M for 10-15 seconds to deposit a thin AgCI 

' allow to1vS y a,e. SOlUti ° n " "'^W™™ « » <°luene (20 mg/m ) to the graphite tape 4 and 
1/2 houIs^T fe,T0C ^ e<0ated tape With 50 of carbodiimide (25 mg/ml) in pH 4.5 acetate buffer for 1 
(g) rinse and cover with glucose oxidase (12.5 mg/ml) In pH 5.5 acetate buffer for 2 hours 

♦ 15^v v^TnM^ wires 6 ^ 7 to 3 Potentiostat poising the potential at electrode 4 at 

' 5 ™* vs " A ff£'" a " d d| PP ,n 9 «* striP into a glucose-containing solution so that both electrodes 4 

ShaP6 * 11,8 SWP faCi,itatBS ha "^ ^ current flowing is proportionaT* 
Rgure 3 shows a 27-gauge (0.3 mm) needle 10 pointed out at 11 and having a smaller area 12 and a 

'^L are f^ 13 l CU, tam i,S CUrV6d SUrface 33 shown «» insu,ated «°n the body of the Si? Arl T is 
coated wrth i srtver to provide a reference silver-siver chloride potential. Area 13 is coated S wSn c^bon 
and thereafter w,th a mediator compound such as ferrocene and with a glucose-sens^ 3m7eT 
bactenal glucose dehydrogenase. A protective membrane can if desired also be located over WsTosit li 
J * ° bs f™* that the recess area 13 is a well-defined area of accurate size; also that tlS stouldS 2a 
and 13a protect the respective deposits located between them, as the needle is passed Zgh Sue 

*J? £h T B nneS U ™ d 15 P3SS ^"S needle 10 and over its shaped end 16 the 

exact path of these Imes not being of major significance except that they should not touch and that hev 

JS^F T~* TV* ^ if h9ad 16 ,i6S in 3 Connec «"9 socte * * Ascribed in^more de2 

i ami Sr» 4 tT 3 ^ el8Clr0d9 17 made 0,1 f0r example ' a ceramic materia » °f Printed-circuit-board 
lam mate. It .ncludes a square area 18 with connector lead 19. the square being covered with the enZe- 

contam ng ayers as described above. It further includes a small reference electrode area 20 and seSSe 

aTanTd 2h ^ I!? 22 ° f ^ e,eCtr0de 17 frtS int0 3 Sockel 33 sh ™ i F?gu^ S and 

b9 ' 0W - * ' S t0 b9 n0t8d that> as with * e needle 1 °- *e electrode strip 17 is a small-scale 
dev.ce Thus square area 18 is of a side length-only about half that of each of two swuare cotoJnSc t2 

^^i^^tS? ,0 ~ * 9 wh0,e of square ~ - — 

*i J^fT may t 6 mad8 t0 th6 embodin1ents s"°wn in Figures 3 and 4. For example the strip 
1 r " ^ 4 Can bS l0n9 ° r ' Wh8reby e,ectrodes 18 and *° ™ seated only parTay 
SS^-JS m^ 8 ^ 223 <0 ,ac|,itate 6359 of handIi "9 b V *. Patient without damaging or 

3 Tte ?oTZ ^ ? e,e , Ctr ° de StriP CHP ^ °PP° sed <* Client mounting 

31 , the routing of one or other of conductive lines 19 and 21 being modified accordingly 

iJfimSZL 3 ton9er " d 6 ^ inner 6nd ° f 3 "* he,d between ^ resi,ient 
In Figure 7 a 2 cm length of electrically insulating polymer for example MYLAR or TEFLON ( a 

ZES^Er, T" ^ et5e CmSS ' SeC6 ° n " Wi,h 3 P 3 " 3 "- conductive 

* . I 6 38 Sh0W "' ^ 3 second ' smal,er electrode 32. 0" «he back as shown in 

0359 C ° ndUCtiVe 33 ^ 34 respective, y- were simuttaneously She 

hv ^ fr0 "? ^ ,eCtr0d ! 31 iS P3in,ed 3 m i xture of t0,uene 1 - 1 '• dimeth y | Eocene and graphite, formed 
by m M ng a solution of the toluene and l.t'-dimethylferrocene and a slurry of toluene and gra^hiS to 
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believed that the ferrocene is adsorbed on to graphite particles. After drying the mixture forms a layer 35. A 
layer 36 of glucose oxidase is then immobilised on the graphite surface by carbondiimide immobilisation, 
known per se (enzyme adsorption can also be used). The electrode may then be covered, on both sides, 
with a semipermeable membrane of cellulose acetate (or polyurethane), not shown, to block large mterfenng 

5 species from contact with the electrode. 

The square section of the support helps in the painting of slurry, or the enzyme-attachment stages, in 

keeping the electrodes 31 and 32 distinct 

Th« small scale electrode so Droduced could be used per se but is especially valuable for incorporation 
into a standard gauge needle, giving a blood-glucose reading using the same invasive member as the 
to eventual injection. 

When producing such small scale needles, the exact sequence of steps can vary. For example, 
graphite could first be painted on, and a solution of the mediator (ferrocene, etc) in toluene then be applied 
by dipping into the graphite. Likewise, the enzyme can be applied in solution for absorption. There is 
therefore a danger that the reference electrode e.g. silver/palladium could be adversely affected by the 

15 solvents or solutes used. . ■ . 

Figure 8 shows the key steps of a procedure which can be used to advantage in the fabncabon of these 

microeiectrodes. . - ... 

The reference electrode 37 and its conductive lead-out strips 38 are formed in silver/palladium on 
TEFLON base 39. Similarly, an electrode support 40 and lead-out strip 41 are formed in silver/palladium on 
20 TEFLON base 42. Only this base 42 and its electrode support are then subjected to (a) painting on a 
graphite slurry in toluene (b) dipping in 1,l'dimethylferrocene solution in toluene and (c) contacting with the 
enzyme to absorb e.g. glucose oxidase into the active layer 43. Thereafter the bases 39 and 42 are glued 
or held, side-by-side, their general rectangular cross-section facilitating such positive location. Back-to back 
location is also possible. 

25 As before, the finished assembly may be located inside a needle bore, e.g. with extra access portions 

near the electrode surfaces. . 

Separation of electrodes in this way leads to a further proposal, as shown in Figure 9, m which the base 

42 and its adherent conductive support 40 and active layer 43 are located in an electrically insulated fashion 

within the bore 44 of a needle 45 by insulating adhesive at 48 and 47. It will be found convenient to allow 
so som uncovered free space 42a at the end of base 42 to facilitate such attachments. Any insulating fixing 

which does not affect liquid flow could equally well be used. 

Needle 45 is this embodiment must be made of or coated with a suitable reference material e.g. 

silver/palladium, or gold, or silver, since it acts as a reference electrode. A silver coating may be 

electrochemically plated with chloride ions to make an Ag/AgCl reference electrode 
35 The electrode need not be fixed longitudinally with respect to the needle; it could lie within the needle 

during insertion and, by partial withdrawal of the needle, becomes exposed to e.g. interstitial fluid at the 

(projecting) electrode region. 

Typically the wire will be 50 m in diameter. It can be covered by a dip coating procedure e.g. 

I. Dip-coated wire with a collidal suspension of colloidal carbon, a ferrocene and glucose oxidase in 
40 buffer in a mixture of organic solvents (such as acetone). 

II. Dip-coat the wire with a membrane such as cellulose acetate, polyurethane or other suitable 

solvent t - t 

Alternatively, the carbon material may be dispensed with entirely and ferrocene bound directly to the 

gold surface. Suitable ferrocenes for this procedure are thiol-substituted. A matrix of cross-linked glucose 
45 oxidase may then be formed by dipping the electrode in a solution of glucose oxidase in buffer and 

glutanyaldehyde and proceeding as in II. 

Figure 10 shows a further development of this idea. Carbon fibre 48 is (a) dipped into a toluene solution 

of ferrocene (b) dipped into a solution to immobilise glucose oxidase thereon using carbodiimide and (c) 

dipped again in cellulose acetate, at 49. Polyurethane membranes, or enzyme adsorption could also be 

50 "^Again, as in Figure 9, the fibre can be mounted in a reference electrode needle 45 e.g. on insulating 
supports 50, possibly using suitable ports 51 as blood access ports. 

Figure 11 shows two halves of a throughflow cell described in more detail below with reference to 
Figure 15 the reference to apparatus feature being the same as utilised therein and described more fully 
55 below. The cell has two like elongate shallow recesses 64 and 68 one on each half 61a and 61b 
respectively which with spacer 63 define a working chamber whea the cell is assembled. 

Within recess 64 is a strip 65 of carbon as sold under the Registered Trade Mark GRAPHOIL, coated at 
65a with a layer of 1,l'-dimethylferrocene deposited from toluene solution and at 65b with the enzyme 
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glucose oxidase bonded by carbodiimide. The recess 64 holds strip 65 in opposed relation to a strio of 

. . 3 SU r rfaC 7 i,V ? r Ch,0ride ,a * er * feeIf taW and held ia recess 68.Thus° a dlite 
elatve^ electrode configuration is achieved with miniature elongate sensor electrodes even mouoh the 
"active" and "reference" electrodes are located on different, separate parts 

5 and IS* 8 ' deSCn ' Pti0n ° f 06,1 61 and its environ ™nt i" "se is given below with reference to Figure 14 

, - ?? I 2 S , h ° WS reSU " S ° b,ained ^ the °- 3 *» rnm P^P® electrode o' Rg«re 7 was charac- 
tensed electrochemical* and is generally indicative of results obtained with other electrode designs 

First, absolution of graphite powder plus a binder in toluene was painted on the palladium-silver allov 

« . Z bV FSrranti) '" d ^ t0 ** CurVe » shows a dire « current cyclic vottammog- 

ran of the electrode .n lOOmM phosphate-perchlorate eiectrolyte at pH 7.0. The elecfrode displays a 
potential window over the range -300 to + 500 mV vs SCE This behaviour is similaTto Z of a 
conventional graphite electrode. The electrode surface was mechanlcaliy sound and could be poshed with 
an alumina-water slurry without affecting its response. »~»snea wnn 

75.' . 

Reference electrode 

,„ w » 11,9 "* e ™ ce 1 potential **> Palladium-sifver reference electrode 32 (incorporated on to the strio) was 
zo deerrmned by substitution into an electrochemical system which had previously been cAra^T! 
saturated calomel electrode (SGE). The reference potential was 60 mV negative of SCE. coniquenuTtfie 

n tZ 9 S n enS l S h h ° Uld ^ 3t 16 °- +20 ° mV VS ^ ^ refe ™<» gentle. 2 

not drift, over 48 hours of operation. 

25 gra P Seele ( ci^e 0WS 3 ^ ""^ VOllamrnogram of ferrocene "lonocarboxylic acid recorded at the 
. Curve (c) shows that electrc-oxidation of glucose occurs upon addition of glucose and glucose oxidase 
Ising'dS" ^ ^ dem ° nstrate ** «* electrode formed the bas.Vof a giucS 
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Incorporation of dimethylferrocene into the electrode 
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n J *°™° n .J 1 ^'^ethylferrocene in toluene was mixed into a tolune-based slurry of the graphite 
powder The mixture was then painted on to the base conductor 31 and allowed to dry at 35. This provided 
an electrode surface that was electro active towards glucose oxidase " P™aea 
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^ ! t ° Wed 0,31 ' ayer ° 0r scree "-Printing technology could provide a usable base 

T f^"L be T* Wi,h 3 Stabl9 graphite SUr,ace '«« M ^reover the electrode surface 
could be made of electro-active towards glucose by adsorption of a ferrocene directly into the coating 
mixture. In addition, the reference electrode operated satisfactorily in buffered solutions 

?h ^ J ? Sh ?V.. 3 h0Wer Wh ' Ch iS partiCU,arly to Ms ° ele «*odes as shown in 

Rgures 4 5. 6 but which could if necessary utilise electrodes as shown in Figures 1 and 2. 3. and 7 and 8 
at least of the various embodiments shown. . ■ 

Frorn above the holder 81 intentionally resembles a conventional pen/watch as much as possible. It has 

? ' f0,ary 10 t, ' 9hte " me> Wa,ls 01 a flattened 50cket cav »y 83 termed within it A 

central join a clip 84 and a press-button 85 all resemble those of a conventional pen. and digital readout- 
window 86 is also of a type known in pen/watches. uu 8 iwiwaaoui 

Inside the holder as shown by dotted lines is connection circuitry 87. possibly printed in situ, battery 88 
and operat.ng circu.try 89 behind and manufactured as a unit with the display window 86. The display can 
be capable of operation only when button 85 is pressed so that extra illumination can be provided if 

necessary. * 

J*!! ' en *o*n«*' shown in Figures 13a and 13b especially when used in conjunction with the 
electrodes of Figures 4 - 6 fulfill the design criteria discussed above for such portable equipment 

The defecate manipulation facilitated by the pengrip (e.g. by thumb and finger) means that the small 
electrodes e.g. of Figures 4. 5 or 6 can be easily assembled into, or detached from, the socket A user will 
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always orient the holder with the window 86 visible thus always giving a uniform relative orientation to the 
socket 83 whereby the rearward ends of the fragile electrodes cari be fitted without experiment and 
damage. 

The "pen" format is instinctively picked up after use and safely carried in a pocket, more so than for 
5 any other small device. Thus the expensive part of the equipment is safeguarded. Furthermore, it is 
possible to incorporate a conventional timer circuit into the device thereby fulfilling the actual function of a 
pen-type watch and providing an audible or visible signal which marks the point in time at which a reading 

-L-..IJ t_ ~ *— L#%m 

Finally, the display is numerical, clearly visible and if necessary can be supplemented by an 
w illuminating light source. 

Figures 14 and 15 are closely related to Figure 11. which shows an electrode configuration. A two part 
cell 61 has respective halves 61a and 61b bolted together by bolts not shown passing, for example through 
the comer regions where indicated at 62. The parts 61a and 61b are spaced by a silicone rubber spacer 63. 
Part 61b has an elongate shallow recess 64 on an internal face, at the base of which is located strip 65 
?s GRAPHOIL carbon foil coated on its outwardly facing surface with 1,1 dimethylferrocene (deposited from 
toluene solution) and also having bonded thereto by carbodiimide the enzyme glucose oxidase. The 
midpoint of the rear face of this strip is connected to wire 66 passing sealingly through the eel! part 61a. 
The spacer 63 has a central elongate hole 67. matching in its periphery the periphery of recess 64. 
The part 1b has a shallow elongate recess 68, also of matching periphery to hole 7. At the base of this 
20 recess is located a silver foil electrode 72 on which a thin silver chloride layer 73 has been elec- 
trodeposited. This is connected at the midpoint of its rear face to wire 69 again passing sealingly through 
cell part 61b. 

Part 61b further possesses a through port 70, communicating with the bottom of the recess, and a 
through port 71 communicating with the top. 
25 The cell is assembled by bolts 62 so that the recesses 64 and 68 together wich hole 67 of spacer 63, 
define a leak-proof chamber with opposed electrodes. Hydraulically, it is connected at 70 to injector device 
72 (e.g. a sample-holding three-way valve) pressurised by pump 73 whereby liquid sample is forced in at • 
70, through the chamber 64, 67 and 68, and out to waste at 71. Eectrically, wires 66 and 69 are connected 
to potentiostat 74 to poise the graphite electrode at +150 mV vs Ag/AgCI, and current values proportional 
30 to glucose content in the sample are displayed at 75. 

In Figure 16, a sensor 101 is connected between a voltage buffer 102, and the inverting input 103 of the 
operational amplifier 104 which is configured as a current amplifer. An electronic reference 105 connected 
to the non-inverting input 106 of the operational amplifier is fed into a low-pass filter 107 which removes 
rapid signal fluctuations (which may be due to noise, earth hum or other sources of interference) while 
35 allowing the filtered output of the operational amplifier 104 to be fed into the digital volt meter (D.V.M.). 

The digital volt meter is supplied with clock pulses via the divider 109, from the timer 111. The D.V.M 
drives a liquid crystal display 112. The electronic reference 105, is either of a pre-selected value or capable 
of being selected for a particular electron transfer electrode. 

In each of the embodiments of electrode discussed above the sensor comprises a mediator-carrying 
4o surface which has one or more enzymes immobilized thereupon. The sensor further includes a silver/silver 
chloride (Ag/AgCI) internal reference electrode. If, for example, a voltage of +200 mV volts is preferentially 
dropped across the electrode as is the case with a glucose -oxidase-containing electrode, then the 
reference voltage 105 is selected accordingly. 

In Rgure 17, the electronic reference comprises resistors 152, 153 and 154 together with diodes 151. A 
45 voltage is selected at 0.3V by a suitable choice of resistor values at 152, 153 and 154. The voltage across 
the resistor 153 is 1V, which ensures that 100 A of electrode current will give a full scale reading of 999 on 
the liquid crystal display 109. 

Non-inverting buffer 102 ensures that the voltage on the terminal 101A remains substantially constant 
The sensor 1 (Rgure 1) is connected across terminals 101 A and 101B. 
so The operational amplifier 104 is connected via its inverting input 103 to the terminal 101 B and the 
feedback resistor 141. The, non-inverting input 106~is connected to the electronic reference. 

A first-order low-pass filter 171, 172 is connected across the feed-back resistor 141, and supplies an 
analog signal to the D.V.M. 8. Pin values are given for a 7116CPL chip (manufactured by Motorola). The 
D.V.M. drives a liquid crystal display 112. 
55 Clock pulses for the D.V.M. are supplied from the timer 111, (pin values are given for a 555 chip) via 
the dividers 191 (pin values for an MC 14020B) and 192 (pin values for an MC14016B chip). The 
connection 193 to pin 11 of the divider 191 enables a power-up reset 

In Figure 18 alternative circuit is shown which does not make use of the non-inverting voltage buffer 
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l^t^? 35 ^ SenS ?1 101 . COnneC,ed b8tWe9n m °P erafion al amplifier 104, and ground. The embodi- 
of HgureT * 3 ^ referenCe V ° lta " Wh ' Ch fe Pr ° Vid9d by 3 Circuit differin 9 from thal 

In this embodiment the diode 155 functions as 'a voltage-reference diode and provides a reference 
voltage drop across its ends equal to the diode forward voltage. rererence 
By a suitable choice of the values of the resistors 156. 157 and 158 the correct voltage may be applied 

^Z^J T^ '"J"* emb K° dim9nt * a9a ' n •"»**■ as 3 refe ™» aUci coupte i„1 
rJI io 9 ^ S9 ""S! ? PreSenC8 01 3 mediator com P° und 35 the electron-transfer electee. 
R 9 ure 1 9 shows a third embodiment of the present invention, which provides a continuously variable 

£rZ:? 396 **? may , b6 " hcW t0 any type of electron-transfer e.ectrol.laUs 

one which for example employs any of the enzymes listed herein or any combination of these enzymes' 
The LED display is not shown in Figure 4. «"^ymes. 

141b" ^TJ 9 T feedback , resis, °[ 1 o 41 in drcui » at any given time may be selected from resistors 141a. 

11 » * J ° bV meanS °' **** SW2a Which is wlth WW SW2b. This allows the currert 

output of the sensor 101 to be displayed in three ranges, for example. 1 A. 10 A or 1MA full S 
Furthermore, the range may be trimmed by using the variable resistors 42a and 42b 

in RSre e i7 b0dIn,ent ^ ™ ^ mnAm ^ volta Se buffer 102 ol the embodiment shown 

w i 7 efe ! W ? VO l ! ta99 f ° r 9,6 embodinient snown i" R9"re 19. is derived from the circuit elements 501- 

tr 'hS? P0tenti0meters 503 ■* 502 Priding a variable voltage across the sensor 10 
thereby accommodating any type of electron-transfer electrode. It is envisaged that the continuously 
variable roasters 142a and 142b could be replaced in certain applications by stepwise ^mSnSSZ ' 
means with each position or setting being dedicated to a particular type of electrode 9 
Vanous modifications may be made in the circuitry. For example the liquid crystal display may be 

iZ2S?T ? 3,80 159 made in M" 5 *™*™* techniques for the electrode manufacture 

procure CX> * """^ * P ** B h 3 m **«* r 

I - screen printing of Ag/AgCI reference electrode and metal tracing 

oxidJinSIZ nf" 9 °* 3C ! Ve e,8Ctr0de With 3 Printi " 9 ink com P risi "9 a co,,oid al carbon, glucose 
oxidase in buffer, and an organic polymer. 

Ill - screen printing, spraying or dip coating to provide a membrane over the assembly 
wJSSSS': ° f ^ ^ ^ 1,131 * fe amenab ' e 10 hi9h V0lUm9 automa «°"- ^ is of high 

(a) anTn^m^i/ 0 " 0 ^ ' SUSPenSfo " 3 "' quid medium of carbon to 9 etner with * ■«* on. of 
S^JTT ^ { ) 3 m impound -capable of transferring charge to the said carbon from the 
enzyme when the enzyme is catalytically active, the said suspension being formed as a printable and 

"efSv 9 th T n *• fab , ricator : of el9c,rodes 33 described 3bove - is a,so an * *?S2i£2 

Preferably, both the enzyme (e.g. glucose oxidase) and the mediator (e.g. ferrocene or a ferrocene 
derivative) are present in the ink formulation. rerrocene 

»h at 2 e a M- e S a -° r -. ma I b9 ^ t0m 0i 3 mediator/ha Pten conjugate, i.e. be linked to a ligand material so 

!t2£2E. / 9 L tran 5t rrin9 Pr0p9rty 18 3 m63SUre 0,,urther or com P e «« va ending reaction J5 
1 ?rSt 9 , 9 "J?" 1 . Wh,Ch m9 8VentUal e,ectrod9 ' havi "9 »» specialised ink thereon is contacted 

Assay systems utilising specrfic bindmg agents", of even date herewith. Other mediator/enzyme/liqand 
systems can also be utilised in the.specialised ink. eui«uor/enzyme/ngana 

8U rh T 2 , Sf? n0 « AP f l ^ ^ d9SCnbeS 3 modification ° f electrode treatment in which a metal 
such as gold is predated wrth a mediator compound such as a ferrocene containing a sulphur-containing • 
hntong group Bamptes of preparation of such materials as the direct monothiol. the low allfylene S 
22? 1 ^ f K°T Und FC - C ^-C^-CH 2 -CH i -CH 2 SH or the compounds in which a chaTof 

ZSS^ST C T!°I T 009 " 8 ri " 9 SySt6mS 9iven in »* c °P endln 9 Application, the disclosure of 
which is incorporated herein by way of reference. 

.oJ 1 ?' 3 " e ! eCtr ° d ? f P ° r ***** S °' Uti0n for 3 1101319 mefal electrode su ch as gold can be prepared 
SEX^"*^^ " d 9iVe 3 ^ 8teC,f0de -«h a ferrocene-typelyer 
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1. An electrode sensor element of the kind comprising an electrically insulating carrier member and 
spaced-apart electrodes carried on said, carrier member, characterised in that the electrodes are applied to 
the carrier member by printing. 
5 2. A suspension formed as a printable and conductive ink for use in the fabrication of electrodes, the 
suspension comprising a liquid medium containing (a) carbon together with at least one of (b) an enzyme 
and (c) a mediator compound. 

3. A suspension as claimed in claim 2 in which both an enzyme and a mediator are present. 

4. A suspension as claimed in claim 2 or 3, in which the enzyme is glucose oxidase and the mediator is 
w ferrocene or a ferrocene derivative. 

5. A method of manufacturing an electrode which includes printing a conductive ink containing carbon 
and an enzyme. 

6. A method according to claim 5, wherein the ink further contains a mediator compound. 

7. A method of manufacturing an electrode which includes printing a conductive ink containing carbon 
75 and a mediator compound. 

8. A method according to any of claims 5 to 7, wherein the printing is screen printing. 

9. A method of manufacturing a reference electrode which includes printing a conductive ink containing 
silver and silver chloride. 

10. A printed electrode. 

20 
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